Abstract: This study evaluated the life cycle greenhouse gas (GHG) emissions from different hydroelectricity generation systems by first performing a comprehensive review of the hydroelectricity generation system life cycle assessment (LCA) studies and then subsequent computation of statistical metrics to quantify the life cycle GHG emissions (expressed in grams of carbon dioxide equivalent per kilowatt hour, gCO 2 e/kWh). A categorization index (with unique category codes, formatted as "facility type-electric power generation capacity") was developed and used in this study to evaluate the life cycle GHG emissions from the reviewed hydroelectricity generation systems. The unique category codes were labeled by integrating the names of the two hydro power sub-classifications, i.e., the facility type (impoundment (I), diversion (D), pumped storage (PS), miscellaneous hydropower works (MHPW)) and the electric power generation capacity (micro (µ), small (S), large (L)). The characterized hydroelectricity generation systems were statistically evaluated to determine the reduction in corresponding life cycle GHG emissions. , and MHPW-S (N = 1) hydroelectricity generation systems are 21.05 gCO 2 e/kWh, 40.63 gCO 2 e/kWh, 47.82 gCO 2 e/kWh, 27.18 gCO 2 e/kWh, 3.45 gCO 2 e/kWh, 256.63 gCO 2 e/kWh, 19.73 gCO 2 e/kWh, and 2.78 gCO 2 e/kWh, respectively. D-L hydroelectricity generation systems produced the minimum life cycle GHGs (considering the hydroelectricity generation system categories with a representation of at least two cases).
Introduction
Hydro energy may be defined as the energy harnessed from flowing water through a turbine to generate electricity. The principal components that help generate electricity from hydroelectric plants are the hydraulic turbine, the electric generator, the transformers and power house, and the reservoir [1] . A hydraulic turbine comprises of a row of blades connected to a rotating shaft. When the flowing water comes in contact with the blades of the turbine, the shaft of the hydraulic turbine is rotated due to its impact (change of velocity and pressure). The electric generator converts the mechanical energy from the rotation of the shaft into electric power by rotating a series of coils inside a magnetic field or vice versa, which results in the movement of electrons inside conductors that produces electric current. The transformers and power house of a hydropower plant act as an interface between the electric generator and the power transmission lines. The reservoirs store water before the movement through hydraulic turbines. The reservoir may be located either upstream (water flows under gravity) or downstream of the discharge end of the water turbine (water is pumped back).
The total electricity generation in 2012 across the world was reported to be 21.53 trillion kilowatt hours (kWh) [2] . The projected increase in world electricity generation for 2040 is 39 trillion kWh (81%) [3] . The renewable energy sources have been projected to account for 9.6 trillion kWh (25%) of the world's total electricity generation in 2040. With the continuing depletion of traditional non-renewable energy sources, the necessity for generating electricity through the use of renewable energy sources (hydro, wind, biomass, solar, geothermal) increased significantly. Based on the 2012 statistics, hydro energy was identified to be the largest renewable energy source for electricity generation with a contribution of 3.646 trillion kWh that accounted for 16.94% of the world's total electricity generated in 2012 [2] .
Considering the significant role that hydroelectricity generation systems have to play in meeting the world's electrical energy demand, one needs to evaluate the life cycle greenhouse gas (GHG) emissions resulting from the adoption of different categories of hydroelectricity generation systems. The life cycle assessment (LCA) approach helps evaluate the net carbon dioxide (CO 2 ) emissions resulting from the use of hydro energy as a fuel. LCA is an analytical method that provides an assessment of the environmental impacts of the considered products and technologies from a "cradle to grave" systems perspective utilizing the detailed input and output parameters that operate within the designated system boundaries.
Many studies [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] analyzed the LCA of hydroelectricity generation systems. The use of hydroelectricity generation systems across the world is being encouraged considering that water is a free and an abundant renewable energy resource. The development of hydroelectricity generation systems provides additional benefits such as the development of recreational opportunities (fishing, swimming, boating), flood control, irrigation, water supply, and back-up power during major electricity outages or disruptions. The use of hydroelectricity generation systems has the disadvantages of impacting the fish population (with restrictions on the movement of fish between upstream and downstream water bodies), low dissolved oxygen levels in the water that impacts the riverbank habitats, drought conditions limiting the water supply, and high construction costs leading to higher payback time for economical returns. A more detailed description of the LCA boundary conditions, GHG emissions, and site-specific characteristics associated with each of the aforementioned hydroelectricity generation system studies are provided in the section titled "Review of Hydro LCA Studies".
All the hydro LCA publications to date have emphasized on the determination of the life cycle GHG emissions for site-specific hydroelectricity generation system installations. There are limited studies [23] [24] [25] [26] that summarized the life cycle GHG emissions from hydroelectricity generation systems. None of the earlier LCA review studies evaluated and compared the life cycle GHG emissions across a distinct set of hydroelectricity generation system categories. This study aims to fill this knowledge gap by performing a comprehensive review of the literature on all the currently available hydroelectricity generation LCA studies, followed by a statistical evaluation of the life cycle GHG emissions from the reviewed hydroelectricity generation system categories distinctly. The results from the statistical evaluation of the life cycle GHG emissions will assist energy policy makers and environmental professionals in identifying and encouraging the use of environmental-friendly hydroelectricity generation system category options to generate electricity with minimal GHG emissions.
Methodology
A review of the literature showed that the hydroelectricity generation systems may be categorized on the basis of the type of facility and the electric power generation capacity. The classification of hydroelectricity generation systems on the basis of facility type [27] is as follows:
The impoundment is the most common type of facility. The facility has a dam that stores water in the reservoir and generates electricity when moving water rotates the turbines.
‚ diversion (D)-The diversion facility, also referred to as the run-of-river facility, diverts a section of river water through a canal or penstock to generate electricity. The use of a dam is not mandatory in the diversion facility.
‚ pumped storage (PS)-The pumped storage facility uses energy from other sources (e.g., solar, wind, etc.) to pump water uphill from a lower reservoir to an upper reservoir during periods of low energy demand. Water from the upper reservoir flows back into the lower reservoir during periods of high energy demand and generates electricity.
In addition to the aforementioned facility-based classification systems, this study considered the category of miscellaneous hydropower works (MHPW), which utilizes existing water infrastructures such as the water distribution networks, canal locks, compensation flows, water treatment works, etc., to generate electricity in small quantities that can either be used on-site or transmitted for consumption by a small community locally.
Depending on the electric power generation capacity, hydroelectricity generation systems may be categorized This study proposed and adopted the use of a new categorization index that integrated the names of both the classification systems mentioned above to generate unique category codes, represented by "facility type-electric power generation capacity" labels to categorize the hydroelectricity generation systems. A total of 12 unique category codes (I-µ, I-S, I-L, D-µ, D-S, D-L, PS-µ, PS-S, PS-L, MHPW-µ, MHPW-S, MHPW-L) may be generated using different combinations of the two classification systems. Each of the reviewed hydro LCA studies was first assigned one of the unique category codes proposed in this study. Next, the life cycle GHG emissions from the individual category coded hydroelectricity generation systems were evaluated using statistical metrics (sample size, mean, standard deviation, minimum, maximum, standard error of the mean, quartile 1, quartile 2 or median, quartile 3) and graphical representations (error bars representing the mean with 95% confidence intervals, box plots representing the quartiles with outliers). While the error bars demonstrate the degree of confidence in the mean GHG emissions, the box plots provide information on the degree of variation among the LCA studies characterized by different categories of hydroelectricity generation systems.
Results and Discussion

Review of Hydro LCA Studies
There are several studies [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] that evaluated the life cycle environmental impacts of using hydro energy for electricity generation. One has to define the system boundary conditions (that includes details on the activities or processes to be considered in the analysis) and a functional unit of measure (that enables quantification of the net environmental impacts from carrying out an activity or a process as defined within the LCA system boundary conditions) when performing a LCA.
The majority of the reviewed LCA studies [9, 14, 15, [18] [19] [20] 22] considered the system boundaries that included activities related to the construction, operation, and maintenance of the hydroelectricity generation systems. Other studies [7, 11, 13, 16, 17] adopted the system boundaries to include the raw material extraction, material processing, component manufacturing process, transportation, assembly and installation, operation and maintenance, and end-of-life process (decommissioning, recycling/reuse, and final disposal) activities. Gallagher et al. [21] excluded the end-of-life process activity and considered the remaining activities listed within the system boundaries defined by other studies [7, 11, 13, 16, 17] . Ribeiro and Silva [10] considered the construction site operations, emissions from reservoir flooding, and worker transportation activities within their system boundaries in addition to those associated with other studies [7, 11, 13, 16, 17] . Gagnon and van de Vate [4] performed the LCA of hydroelectricity generation systems with system boundaries that considered all the activities related to construction, the preparation of flooded land (biomass decay in the flooded lands), and the use of thermal backup power. Denholm and Kulcinski [5] , and Suwanit and Gheewala [12] had system boundary conditions that included the activities of land preparation before construction, construction, operation and maintenance, and decommissioning. Hondo [6] considered only electric generation activity as the system boundary when performing the LCA of a hydroelectricity generation system. Rule et al. [8] considered the activities of construction, transportation, and decommissioning (50% recycling + 50% landfill for materials that are recyclable; 100% landfill for all other materials) as the system boundaries in their LCA.
The common functional unit of measure adopted by the majority of the hydro LCA studies is grams of CO 2 equivalent per kilowatt hour (gCO 2 e/kWh) of electricity produced. Accordingly, this study also adopts the functional unit of measure for GHG emissions to be gCO 2 e/kWh of electricity produced. Table 1 provides a summary of the hydroelectricity generation system categorization (unique category codes generated from the combination of the two classification systems-facility type (I, D, PS, MHPW), electric power generation capacity (µ, S, L) along with the corresponding GHG emissions (in gCO 2 e/kWh) for the reviewed hydro studies. Table 1 also provides additional site-specific details that included the electricity generation capacity (EGC, expressed in MW), the capacity factor (CF, expressed in %), the hydropower plant life (PL, in years), and the geographical location (GL) for the installed hydroelectricity generation systems. EGC is the amount of electrical power that is produced under standard operating conditions. CF is the ratio of the average power generated to the rated peak power.
Based on the review of 19 hydroelectricity generation LCA studies (refer to Table 1 ), one may note that the D-S (N = 133) hydroelectricity generation systems were more in number compared to
, and MHPW-S (N = 1) hydroelectricity generation systems. There were no LCA studies on the use of I-µ, PS-µ, PS-S, and MHPW-L hydroelectricity generation systems. This is because the capital investments associated with the construction and maintenance of the impoundment and pumped storage hydroelectricity generation systems are considerably higher, which makes the generation of electricity at micro and small scale levels to not be feasible. The miscellaneous hydropower works are not feasible for large-scale electricity generation as they are designed for optimization and generation of electricity utilizing existing waterworks in small quantities for localized consumption. From Table 1 , one may also note that the diversion hydroelectricity generation systems (N = 139) were more in number compared to the impoundment (N = 32), the miscellaneous hydropower works (N = 4), and the pumped storage (N = 3) systems, and small hydroelectricity generation systems (N = 158) were more in number compared to the large hydroelectricity generation systems (N = 14) and the micro hydroelectricity generation systems (N = 6). Figure 1 provides a graphical representation of the (a) error bars (mean˘95% confidence interval (CI) statistics) and (b) box plots (quartiles + outlier statistics) for GHG emissions from the different hydroelectricity generation systems reviewed in this study. Table 2 provides a statistical summary of the life cycle GHG emissions with details on the sample size (N), mean (X)˘standard deviation (SD), minimum (Min.), maximum (Max.), standard error of the mean (SE), quartile 1 (Q1), quartile 2 or median (Q2), and quartile 3 (Q3) for the different hydroelectricity generation systems reviewed in this study.
From Figure 1a and Table 2 , one may note that the mean life cycle GHG emissions obtained from the use of I-S, I-L, D-µ, D-S, D-L, PS-L, MHPW-µ, and MHPW-S hydroelectricity generation systems are 21.05 gCO 2 e/kWh, 40.63 gCO 2 e/kWh, 47.82 gCO 2 e/kWh, 27.18 gCO 2 e/kWh, 3.45 gCO 2 e/kWh, 256.63 gCO 2 e/kWh, 19.73 gCO 2 e/kWh, and 2.78 gCO 2 e/kWh, respectively. In the case of impoundment hydroelectricity generation systems, the mean life cycle GHGs emitted from large hydroelectricity generation systems (I-L) was more than the mean life cycle GHGs emitted from small hydroelectricity generation systems (I-S). The higher mean life cycle GHG emissions from large electricity generation capacity impoundment systems may be attributed to the activities of construction (mining, steel, concrete) and the flooding of vegetated land [15, 23] . Additionally, one may also note that the use of an alternative back-up power generation system (e.g., thermal power generation system) to account for the seasonal variations in hydroelectricity generation supply can result in a significant increase of the life cycle GHG emissions from the I-L hydroelectricity generation systems [4, 23] . Two studies [15, 28] noted the life cycle GHG emissions from impoundment hydroelectricity generation systems to be directly proportional to the gross static head (distance between the intake and the turbine).
In the case of diversion hydroelectricity generation systems, the mean life cycle GHG emissions from micro hydroelectricity generation systems (D-µ) was more than the mean life cycle GHG emissions from small hydroelectricity generation systems (D-S) and large hydroelectricity generation systems (D-L). The mean life cycle GHG emissions decreased with an increase in the electricity generation capacity for diversion hydroelectricity generation systems. From Figure 1a and Table 2 , one may note that the mean life cycle GHG emissions were minimum for the D-L hydroelectricity generation systems (considering the hydroelectricity generation system categories with a representation of at least two cases). The diversion hydroelectricity generation systems emitted less GHGs in comparison to the impoundment hydroelectricity generation systems across the large electricity generation capacity category (refer to Figure 1a and Table 2 ). Similar observations were made by another study that noted the run-off hydroelectricity generation systems to emit lower GHG emissions than the impoundment hydroelectricity generation systems [23] .
The mean life cycle GHG emissions were found to be the highest for PS-L hydroelectricity generation systems. The higher mean life cycle GHG emissions for PS-L hydroelectricity generation systems may be attributed to the higher cumulative energy demand (approximately three times the cumulative energy demand required for diversion and impoundment hydroelectricity generation systems) for consumption by the pumps [13] .
The mean life cycle GHG emissions from miscellaneous hydropower works was less than the mean life cycle GHG emissions from diversion hydroelectricity generation systems across the micro electricity generation capacity category (refer to Figure 1a and Table 2 ). The lower GHG emissions from miscellaneous hydropower works may be attributed to the requirement of less construction activities than in the case of diversion hydroelectricity generation systems. The use of existing water infrastructures to generate electricity at micro levels for local consumption was noted to be an environmental-friendly option that needs more investigation in the future. More LCA studies utilizing MHPW-S hydroelectricity generation systems are to be considered before one generalizes the influence of MHPW-S on the mean life cycle GHG emissions. From Figure 1b , one may note that the degree of variation in GHG emissions was minimal for D-L hydroelectricity generation systems, followed by D-S, I-S, I-L, MHPW-µ, D-µ, and PS-L hydroelectricity generation systems. The degree of variation being less indicates the level of maturity and consistency in the use advanced technology in the various stages of life cycle analysis, irrespective of the geographical locations and many other influential factors. Note that the standard deviation values for I-L and PS-L hydroelectricity generation systems are more than the corresponding mean values (refer to Table 2), thereby indicating that there is a large variation in the use of technology across different geographic locations. In the context of both the mean life cycle GHG emissions and the degree of variation in GHG emissions from D-L hydroelectricity generation systems being minimal, this study identifies the diversion hydroelectricity generation systems with large electricity generation capacity to be the most environmental-friendly option amongst the different categories of hydroelectricity generation systems considered in this study.
Conclusions
This paper evaluated the life cycle GHG emissions from hydroelectricity generation systems by developing a new categorization index that integrated the names of the two classification systems based on the facility type (I, D, PS, MHPW) and the electric power generation capacity (µ, S, L). A total of 19 hydroelectricity generation system LCA studies that summarized 178 representative cases were identified in the literature and reviewed in this study. Each of the reviewed hydroelectricity generation system LCA studies was first assigned a unique category code in accordance with the developed categorization index. The categorization of the reviewed 19 hydroelectricity generation system LCA studies yielded a total of eight distinct categories, namely, I-S, I-L, D-µ, D-S, D-L, PS-L, MHPW-µ, and MHPW-S.
The mean life cycle GHG emissions from I-S, I-L, D-µ, D-S, D-L, PS-L, MHPW-µ, and MHPW-S hydroelectricity generation systems are 21.05 gCO 2 e/kWh, 40.63 gCO 2 e/kWh, 47.82 gCO 2 e/kWh, 27.18 gCO 2 e/kWh, 3.45 gCO 2 e/kWh, 256.63 gCO 2 e/kWh, 19.73 gCO 2 e/kWh, and 2.78 gCO 2 e/kWh, respectively. The mean life cycle GHG emissions from I-L hydroelectricity generation systems were noted to higher than the mean life cycle GHG emissions from I-S electric generation systems (the relatively higher GHG emissions for I-L hydroelectricity generation systems being attributed to the dam construction activities, the flooding of vegetated land, and the use of back-up power). The mean life cycle GHGs emitted from D-L hydroelectricity generation systems was more than the mean life cycle GHGs emitted from D-S and D-µ hydroelectricity generation systems. For the case of large hydroelectricity generation systems, the mean life cycle GHG emissions from diversion hydroelectricity generation systems was less than the mean life cycle GHG emissions from impoundment hydroelectricity generation systems. D-L hydroelectricity generation systems provided the most environmental-friendly option with the lowest mean life GHG emissions and minimal variations between the reviewed D-L LCA case representations (considering only the hydroelectricity generation system categories with a representation of at least two cases). PS-L hydroelectricity generation systems had the highest mean life cycle GHG emissions due to the higher energy consumption by pumps. For micro electricity generation capacity, the miscellaneous hydropower works emitted less GHGs than the diversion hydroelectricity generation systems due to limited emissions from construction activities. There was only one LCA case representation noted in the literature for MHPW-S systems. Future research needs to focus on the development of more hydro LCA studies (that includes comprehensive details on the site-specific characteristics of the hydroelectricity system) with emphasis on MHPW-S systems.
